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Key Messages
Restricting access to toxic pesticides can reduce the suicide rate from pesticides and from all methods.
The absolute reduction in pesticide suicide mortality rates was greatest among men, the elderly, and people living in rural areas.
In countries where pesticides are commonly used as a method of suicide, legislative bans on the most toxic products are likely to reduce overall suicide rates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Introduction
Suicide mortality from pesticide poisoning is an important public health issue around the world, with an estimated 258 000-372 000 people dying following pesticide ingestion every year (1) . In 2012, South Korea had the highest suicide mortality rate (29.1 per 100 000 population) among all Organization of Economic Cooperation and Development (OECD) member countries (2) and a relatively large proportion of suicides from pesticide poisoning compared with other countries in general (3) as well as compared to other industrialized Asian countries such as Japan and Taiwan (4, 5) . Suicide using pesticides accounted for 21% of all suicides in South Korea between 2006 and 2010 (6) .
A variety of approaches, ranging from legislative regulation to improving the management of patients who have ingested pesticides, have been applied to reducing the number of pesticide suicides (7) . Among them, pesticide regulation is recommended as the most important and effective method for reducing the number of suicides (8) , since intentional self-poisoning is often impulsive and facilitated by the easy availability of pesticides (9,10). However, only a few studies have been conducted to evaluate the effect of pesticide regulation on suicide worldwide. In Sri Lanka, restrictions on the import and sales of World Health Organization (WHO) Class I toxicity pesticides in 1995 and endosulfan in 1998 were followed by reductions in suicide rates (11) , and a partial ban of insecticides (i.e., dimethoate and fenthion) caused a large reduction in admissions from poisoning by these compounds in the Polonnaruwa District (12) . There have also been reports of a decline in the suicide rate following decreased imports of paraquat in Samoa (13) and after discontinuation of paraquat production in Japan (14) . By contrast, a range of regulations to restrict access to pesticides which did not include those pesticides causing most pesticide-related mortality did Suicide by pesticide poisoning was defined as those cases featuring the ICD-10 code X68. Among suicides due to pesticide poisoning, ICD-10 T codes were used to identify the specific category of agents including insecticides (T60.0-T60.2), herbicides and fungicides (T60.3), rodenticides and other pesticides (T60.4, T60.8), and unspecified pesticides (T60.9).
In addition, suicide deaths from poisoning using medicinal/biological substances (T36-T50), alcohol, organic solvents, and corrosive substances (T51-T57), carbon monoxide and other gases (T58-T59), and other and unspecified chemicals (T61-T65) were extracted to enable comparisons with pesticide suicide trends.
Age-specific effects were investigated by analyzing data for people aged 15-49, 50-59, 60-69, and 70+ years old separately; these groups were chosen as trends in pesticide suicide within these age-bands were similar. Based on the administrative residential districts provided in the death data, urbanization levels were identified. Metropolises included the capital city, Seoul, and six other major cities. Small-and medium-size cities and rural areas were determined by governmental administrative divisions where population sizes and rural characteristics are considered. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 codes (T60.0-T60.9) used in our analysis of mortality data were used to identify the types of pesticide (i.e., insecticides, herbicides etc.) presenting to emergency departments.
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Pesticides and other related variables
To assess whether there were changes in the overall amount of pesticides used in South Korea, data for the quantity and active ingredients of agricultural pesticides were extracted from the annual Agrochemical Year Books, published by the Korea Crop Protection Association (19) . These data were based on reports from all the companies that produce pesticides or import and synthesize related raw materials. The data for the proportion of Table 1S ). However, in the same year (2011) the re-registrations of eight insecticides were also cancelled. The information on potential risk factors for suicide, such as levels of unemployment, divorce rate, and prevalence of alcohol drinking were also collected from Statistics Korea.
Data analysis
In the analysis, the main outcome of interest was change in the incidence of pesticide suicide mortality (i.e., pesticide suicide) following the paraquat regulations. In keeping with ICD codes (T60 and X68) we defined pesticides as herbicides and fungicides, insecticides, rodenticides and other pesticides, unspecified pesticides. The exposure was South Korea's regulatory action to restrict the availability of paraquat in 2011-2012. We also examined the following secondary outcomes: i) changes in suicide mortality from self-poisoning by specific types of pesticide (i.e., herbicides, insecticides, other pesticides, unspecified pesticides) to investigate the specific effect of the paraquat ban; in South Korea, the majority of deaths from herbicide poisoning were due to paraquat (16); ii) changes in overall (all methods combined) suicide rates; and iii) trends in suicide rates using methods other than pesticides to investigate possible substitution effects.
Rates of suicide mortality and non-fatal poisoning were directly standardized in 5-year age groups, using the 2000 World Standard Population (21) as the standard population.
Mid-year populations of registered residents by gender, 5-year age groups, and the administrative districts for each year were obtained from Statistics Korea and used as denominators. Age-standardized rates of suicide per 100 000 were calculated among the population aged 15 and over. To examine regional differences in the contribution of pesticide suicide mortality to overall reduction in suicide between 2011 and 2013, absolute and relative changes in the rates of overall suicide, pesticide suicide, and non-pesticide suicide by urbanization level (metropolis, small-and medium-size city, and rural) were calculated and compared. National estimates for emergency department visits for pesticide poisoning were calculated using the sampling weights as the inverse of the coverage proportion of the National Emergency Department Information System by location of hospital and calendar year as in a previous study (22) . The case fatality for pesticide poisoning and non-pesticide poisoning was also calculated as the proportion of deaths among non-fatal poisoning cases.
To estimate changes in trends in pesticide suicide mortality and reduction in deaths (24) . When estimating the negative binomial regression models we included gender, age group (15 categories starting from age 15-19 up to age ≥85), and an offset term log (population by year, gender, and age group) to adjust for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Ethics approval
We used publicly available data for mortality and emergency department visits without any personal identifiers, and thus ethical approval was unnecessary. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Agricultural crop yields increased slightly over the study period and the results were similar for specific types of crops (Supplementary Figure 1S) . In addition, changes in levels of unemployment, prevalence of alcohol drinking, and divorce rate were not associated with the trends of pesticide suicides (data not shown).
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In 2013, the overall pesticide suicide mortality rate was lower (rate ratio=0.63, 95% confidence interval [CI] 0.55 to 0.73) than expected based on previous trends (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) with an estimated 847 (95% CI -1180 to -533) fewer suicides (Table 1) . More reduced suicide cases were expected when we included the cases of undetermined intend deaths (Y18) as a pesticide suicide cases (estimated reduction in the number of pesticide suicides = 1031; a 39% fall). The reduction in pesticide suicide rate, indicated by rate ratios, was similar in men and women, all age groups, and all areas (all p for interaction >0.10), while the absolute reduction in pesticide suicide mortality was greater among men, the elderly, and people living in rural areas. The largest reduction was found in rural areas (45%); smaller reductions were seen on metropolises (39%) and city areas (30%), although statistical evidence for difference between area in the magnitude of the reduction was limited (p for interaction = 0.14). Suicides from Page 12 of 36   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 3S ). When we used an interrupted time series model to estimate the impact of the paraquat regulations our findings were also similar (estimated reduction in the number of pesticide suicides = 891; a 38% fall). Models accounting for a non-linear trend by including a quadratic term of calendar year also showed similar findings.
The reduction in pesticide suicide of 2.59 per 100 000 (see Table 2 ) contributed to 56% (2.59/4.64) of the reduction in overall suicide (by 4.64 per 100 000) in South Korea between 2011 and 2013. The contribution of falls in pesticide suicides to reductions in overall suicide rates was greater in rural areas (7.05/7.75=91.0%) than small-and medium-size cities (2.77/4.76=58.2%) and metropolises (1.07/3.80=28.2%) ( Table 2) . However, the relative changes in pesticide suicide rates were similar across urbanization levels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 2b ). The case fatality proportions for pesticide poisoning also declined after 2011, the year of the paraquat ban; the reduction was mostly attributable to the decrease in case fatality for herbicides rather than insecticides or other poisons (Figure 2c ). When we recalculated case fatality based on intentional poisoning cases although there are some missing values for the information of intentionality, the results were broadly similar (Supplementary Figure 2S) . 
Discussion
Our results indicate that the cancellation of the re-registration, and then the ban of the herbicide paraquat was associated with a marked reduction in the number of suicides from pesticide poisoning in South Korea. This reduction was observed for all groups, although the absolute effect size appeared to be greatest in men, the elderly, and people living in rural areas. Of note, suicide deaths involving herbicide poisoning showed the largest reduction compared to other types of pesticide, indicating the specific effect of paraquat ban. However, we could only investigate short-term effects (i.e., two years follow-up); further research including data for more years is needed to investigate longer term effects of the pesticide regulation and any possible method substitution. Pesticide poisoning is still a common suicide method worldwide; therefore, pesticide restriction by legislative regulation may have considerable impacts on the overall burden of suicide not only in South Korea, but also in other countries where pesticide poisoning is prevalent.
Our finding adds evidence that means restriction of pesticides can reduce the suicide rate from pesticides and from all methods particularly in rural areas. Legislative control reducing pesticide availability is potentially an important and effective method to combat pesticide suicide because pesticides have been found to have been chosen principally on the basis of availability in Sri Lanka (26), India (27) , China (28), and South Korea (29) . Previous studies in South Korea also support that, according to the analysis of demographic, regional and seasonal variations in pesticide poisoning (6, 30) , the high rate of pesticide ingestion for suicide may be explained by their accessibility. There is strong evidence that restricting access to specific methods can lower overall suicide rates (31,32), our results support the view that pesticide restriction could lead to a reduction in the global burden of suicide (8, 11) . Our findings are consistent with those from other studies in Sri Lanka (11), Samoa (13), and Japan (14) which showed that pesticide regulation led to a fall in the incidence of suicide.
Although a variety of pesticide regulations have been implemented in South Korea since the 1980s, the earlier bans did not appear to have a meaningful impact on suicide. This is likely to be because they did not include pesticides (such as paraquat) that accounted for the majority of deaths. Similarly, bans on pesticide products in Taiwan showed no clear evidence of a beneficial effect when they did not include the pesticides accounting for the most deaths (15) . Although banning entails multiple difficulties, and effective restriction may be more appropriate as a public approach than outright bans (33) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (33) , from pesticide poisoning was observed in Sri Lanka although these did not counter-act (and were smaller than) the overall reduction in suicide. However, our study showed a decrease in non-pesticide suicide as well as pesticide suicide after 2011 (Figure 1a ). This suggests that any substitution from pesticide poisoning to other methods was limited. Previously, no method substitution was reported along with the reduction in poisoning suicide rates in Taiwan (37).
We found that the absolute effect size of decreased pesticide suicide rates was greater among men, the elderly, and people living in rural areas, which may be explained by the fact that these are the most vulnerable populations for pesticide poisoning in South Korea (6, 30) . Therefore, pesticide control interventions for suicide prevention would have particular significance for these groups in South Korea, although the effect would appear as an overall reduction across all groups. Gender-and age-specific trends in pesticide suicide change were similar in Taiwan where the elderly living in rural areas showed the highest rate of pesticide suicide (15) .
The validity of the coding of suicide cases is a potential concern in our study. The other limitation is that there is no direct information in the national mortality statistics that paraquat was the cause of death other than the T60.3 code, which indicates that the death was caused by a herbicide or fungicide. However previous research suggests that paraquat was the most commonly used agent in episodes of pesticide self-poisoning in South Korea (16). In addition, there may be no material effect of such lack of direct information on Page 18 of 36   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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